ABSTRACT User equipment (UE)-to-network relay is a promising approach to assist UEs, especially cell-edge UEs, to obtain a better connectivity experience. By leveraging the proximity communication, specific UEs can serve as relays to assist transmissions between UEs and base stations (BSs). However, it also imposes a significant challenge on backhaul pressure. On the other hand, caching is considered as an efficient way to reduce data traffic and alleviate the burden of the backhaul networks. In this paper, we jointly consider UE-to-network relay and caching. We propose a tractable analytical framework to model caching enabled UE-to-network relay in cellular networks. Besides, we employ a four-level hierarchical mode selection scheme, where a request is satisfied with priority order by: 1) self-request mode, 2) device request mode, 3) UE-to-network relay mode, and 4) cellular request mode. Based on stochastic geometry, we derive tractable expressions for performance metrics, such as cache hit probability, successful transmission probability, and cache-aided throughput. The accuracy of analytical results is validated by simulations with the 3rd generation partnership project evaluation methodology. The results also show that the distance threshold should be set carefully to satisfy user communication requirements. Moreover, we find that the UE intensity and content popularity jointly have significant impacts on caching policy choices.
I. INTRODUCTION
The exponential growth of smart mobile devices and mobile services results in the repaid increase of traffic load in cellular networks. According to the recent Cisco report [1] , the mobile data traffic will be 49 exabytes by 2021, a sevenfold increase over 2016. In order to offer the higher data rates, increased spectral efficiency, and lower latency in the fifth generation (5G) system, it is crucial for operators to seek and leverage more advanced techniques for next generation mobile networks [2] .
A large amount of attention has been given to device-todevice (D2D) communications [3] , [4] . D2D communications support the direct communications between user equipments (UEs) with short distances. In cellular networks with densely deployed UEs, simultaneous links are allowed to coexist in the same region with spectrum sharing, which results in significant performance improvements.
UE-to-Network relay inherits advantages from typical D2D communications. It enables UEs with good channel quality and sufficient battery to act as relays to assist transmissions [5] . Therefore, the remote UEs, especially the UEs out of coverage, can communicate with base stations (BSs) by virtue of relay UEs (RUEs) via two hops. Compared with traditional fixed relay stations, UE-to-Network relay is more flexible to deploy and requires lower cost [6] . Furthermore, it can improve the spatial frequency reuse and potentially bring other performance gains [7] , [8] . However, UE-toNetwork relay also meets some challenges such as backhaul overhead.
The exponentially growing mobile data traffic causes the backhaul capacity to become the major bottleneck for operators. Recently, it has been observed that a large portion of mobile data traffic is generated by many repeated requests of few popular contents [9] . To address this problem, content caching has been considered as a promising way since it can reduce the duplicate file transmissions, mitigate the backhaul pressure, and avoid the network congestion [10] - [12] . Authors of [13] consider optimal caching with the presence of mobility and provide an effective way to alleviate the burden of the backhaul networks. Aiming to reduce the backhaul traffic, authors of [14] give a tutorial on the fundamental caching techniques and introduce caching algorithms from three aspects, i.e., content placement, content delivery, and joint placement and delivery. As the storage capacities are increasing rapidly, two kinds of caching are considered [15] . Caching at BSs, which has quite large storage capability. Caching at users, which gives the opportunity to serve more requests through D2D transmissions. In [16] , the authors develop an optimal spatially independent content caching strategies to maximize the average density of successful receptions. The work in [17] , studies the numerical results to compare the performance of caching at mobile devices and caching at small cells. In [18] , the authors investigate the optimal caching probabilities of cache hit probability and cache-aided throughput.
In this paper, we study the performances of caching enabled UE-to-Network relay in cellular networks. In order to obtain better connectivity experiences and reduce the backhaul traffic, we enable caching and UE-to-Network relay in cellular networks simultaneously. We also reveal how caching and UE-to-Network relay can jointly and optimally enhance cellular networks.
Our main contributions are summarized as follows:
• We propose a tractable analytical approach to model the caching enabled UE-to-Network relay in cellular networks. Both BSs and devices have the cache capability.
• The closed-form expressions for key performance metrics, including cache hit probability, successful transmission probability and cache-aided throughput are derived using stochastic geometry.
• Simulation results are presented and compared, which verify the accuracy of the derived expressions. From simulation results, we find that the user intensity and the distance threshold are two key parameters for the proposed model. Besides, the advantages of enabling caching and UE-to-Network relay in cellular networks are demonstrated.
II. SYSTEM MODEL A. NETWORK MODEL
As shown in Fig.1 , we consider a downlink caching enabled UE-to-Network relay in cellular networks. BSs and UEs are spatially distributed in R 2 according to independent Poisson point processes (PPPs) and with intensity λ and λ u , respectively. Each UE has a probability ρ ∈ [0, 1] to be active, i.e., making a request for a file. Other inactive UEs (IUEs) can serve as potential RUEs. Therefore, the distributions of active UEs (AUEs) and IUEs follow independent PPPs a and i with intensity ρλ u and (1 − ρ) λ u by independent thinning, respectively. According to current 3GPP standards [19] , we employ half duplex relay protocol in our model, therefore the transmission is divided into two phases. The BS sends the message to the RUE in the first phase. The RUE decodes the message and forwards them to the corresponding UE in the second phase. Furthermore, we assume that the time duration of both phases is equal.
B. CHANNEL MODEL
The total available bandwidth is divided into a set of orthogonal subchannels. In order to mitigate the interference, the set of subchannels is divided into two disjoint subsets of subchannels C = c 1 , · · · , c |C| and S = s 1 , · · · , s |S| . The total number of subchannels is |C|+|S|. Particularly, the subset C is only allocated for the BS-AUE link and S is allocated for the BS-RUE link and the RUE-AUE link.
The standard path loss propagation model is used. In this way, the received power P r is expressed as P r = P t hr −α , where P t refers to the transmit power, r denotes the link distance, α is the path-loss exponent, h represents the channel gain between the transmitter and the receiver. We denote the transmit power of the BS as P t = P b and that of the UE by P t = P u . Owing to the different propagation, α c and α s denote the path-loss exponent on the BS-AUE/RUE link and RUE-AUE link, respectively. h is exponentially distributed with unit mean and assumed to be independent of each other and identically distributed (i.i.d.).
C. REQUEST DISTRIBUTION AND CACHING POLICIES
We consider a finite content library F = {f 1 , · · · , f N }, where f i denotes the file with popularity rank i ∈ [1, N ] and N is size of F. All files are assumed to have equal size, which is normalized to one. The content popularity follows the Zipf distribution [20] , which means the request probability of f i is
, where γ defines the skewness of popularity distribution. The higher value of γ means that more requests focus on several most popular files.
As both BSs and UEs have the caching capability, based on the knowledge of the content popularity distribution, we apply the following caching policies:
For UE caching, since an AUE likely has multiple potential RUEs, in order to increase the content diversity, we assume that each UE independently caches file f i with the probability q i . Q = [q 1 , · · · , q N ] represents the caching probability vector. We assume each UE has the identical cache size M u , therefore, we have
For BS caching, since the cache size of BS is relatively large, we apply the conventional most popular content (MPC) caching policy [21] . Therefore, all BSs cache the same most popular files. That is, only files with popularity order i ∈ [1, M b ] will be cached in each BS.
III. UE CLASSIFICATION AND LINK DISTANCES A. UE CLASSIFICATION
By judging whether there are several IUEs nearby caching the requested file, we employ a four-level hierarchical mode selection scheme. Based on the proposed scheme, a request will be satisfied with priority order by i) self-request mode, ii) device request mode, iii) UE-to-Network relay mode, and iv) cellular request mode.
1) SELF-REQUEST MODE
The AUE operates in self-request mode, when it requests for the file cached in its own device. The probability to find the requested file f i in itself is given by p sm,i = p i q i . Therefore, the probability of an AUE operating in self-request mode is given by
2) DEVICE REQUEST MODE
The AUE operates in device request mode, when the requested file is not cached in its own device, but in its nearby inactive devices within a certain distance R d . If more than one inactive device caches the requested file, the file will be transmitted from the nearest one. The probability to find the requested file f i via the device request mode is given by
Averaging over all the files in the content library F, the probability of an AUE choosing device request mode is given by
3) UE-TO-NETWORK RELAY REQUEST MODE
The AUE operates in UE-to-Network relay request mode, when the requested file is not cached in its own device or nearby inactive devices, but there exists at least one potential RUE in the neighborhood set. Besides, the distance between the potential RUE and its serving BS should be limited within a certain distance R c to ensure a good link quality. If there is more than one potential RUE, select one at random. The probability to find the requested file f i via the UE-to-Network relay request mode is given by p um,i
Therefore, the probability of an AUE choosing UE-toNetwork relay request mode is given by
where A is the area of the neighborhood set and given as
4) CELLULAR REQUEST MODE
Different form various modes mentioned above, the AUE operates in cellular request mode when it is directly served by its nearest BS. The probability of an AUE choosing cellular request mode is given by
B. LINK DISTANCE ANALYSIS FOR DIFFERENT MODES
The IUEs, caching the file f i , follow a homogeneous PPP i iu with intensity q i (1 − ρ) λ u . We denote r s1,i as the distance between an AUE, which requests for the file f i and operates in device request mode, and its serving inactive device. According to the aforementioned mode selection criteria, the probability density function (PDF) of r s1,i is given by
We denote r s2 as the distance between an AUE, operating in UE-to-Network relay request mode, and its serving RUE. The PDF of r s2 is given by
We denote r e as the distance between a RUE and its serving BS. According to the aforementioned mode selection criteria, the PDF of r e is given as f r e (x) = 2π λx
We denote r c as the distance between an AUE and its serving BS. Then the PDF of r c can be calculated as
IV. PERFORMANCE ANALYSES
In this section, we provide analyses on several main performance metrics for caching enabled UE-to-Network relay in cellular, including the cache hit probability, successful transmission probability, and cache-aided throughput.
A. CACHE HIT PROBABILITY
The cache hit probability is the probability of an AUE finding its requested file in local caches.
1) UE CACHE HIT
When an AUE requests for a file, a UE cache hit event may happen in two cases:
a: SELF-REQUEST
The self-request probability is given by
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b: DEVICE REQUEST
The device request probability is given by
In conclusion, the UE cache hit probability is given by
2) BS CACHE HIT
When an AUE requests for a file which is not hit by UE cache but hit by BS cache, a BS hit event will happen. The BS cache hit probability is given by
B. SUCCESSFUL TRANSMISSION PROBABILITY
When an AUE finds its requested file in the local cache, the successful transmission probability is defined as the probability that the AUE can obtain the file with a certain threshold successfully. As AUEs operating in device request mode, UE-toNetwork relay request mode and cellular request mode are distributed according to Point Processes dm au , um au and cm au , respectively. Due to the mode selection, they are not PPPs. On the basis of tractability, we ignore the correlations among them. Furthermore, it is assumed that each of them constitutes an independent PPP.
We denote the cell size of the Voronoi cell covered by a BS as V . Then the PDF of V is given as
is the gamma function and K = 3.575. Therefore, N dm , N um and N cm , which denote the corresponding number of AUEs operating in device request mode, UE-to-Network relay request mode and cellular request mode in a Voronoi cell, follows the Poisson distribution [23] :
where χ ∈ {dm, um, cm}. Then the distribution of average number of N dm , N um and N cm is given by
Let U BA denote the utilization probability of a given subchannel for BS-AUE link in the first and second phases
Similarly, for the BS-RUE link and the RUE-AUE link, probabilities that a specified subchannel is occupied are given as
We consider a typical receiver located at the origin. According to the Slivnyak's theorem, it does not change the statistical properties of the coexisting PPPs. The signal-tointerference-plus-noise ratio (SINR) in the downlink from the transmitter to the receiver is given by
where I is the aggregate interference from all the other active transmitters operating in the same subchannel, and σ 2 is the white Gaussian noise.
1) UE CACHE HIT a: SELF-REQUEST
If an AUE requests for a file cached in its own device, the successful transmission probability equals to one.
b: DEVICE REQUEST
The intensity of RUE-AUE link on the given subchannel is λU RA . Note, if two or more AUEs select the same RUE, only one can connect to this RUE, others have to search for another RUE. We assume the distribution of interfering RUEs as a homogeneous PPP RA with intensity λ RA = λU RA [23] . For a given SINR target θ, the successful transmission probability of an AUE operating in device request mode is given by
where
2) BS CACHE HIT a: UE-TO-NETWORK RELAY REQUEST
As the RUE works in half-duplex, the successful transmission probability is calculated via two phases. In the first phase, BS-RUE link, BR represents the Point Process of interfering BSs. In the second phase, RUE-AUE link, RA represents the Point Process of interfering RUEs. Analogously, we assume BR as a PPP with intensity λ BR = λU BR . Thus, the successful transmission probability of an AUE operating in UE-to-Network relay request mode is given by
b: CELLULAR REQUEST
Similarly, we assume the distribution of interfering BSs as a homogeneous PPP BA with intensity λ BA = λU BA . Then, the successful transmission probability of cellular request is given by
Proof: See Appendix C.
C. CACHE-AIDED THROUGHPUT
The cache-aided throughput is defined as the average number of requests that can be successfully and simultaneously handled by the local caches per unit area [18] . Assumed that it takes equal amount of time to transmit each file, one slot for instance.
In the self-request mode, the request is successfully transmitted with probability one, while in device request mode, UE-to-Network request mode, and cellular request mode, the success probability of content delivery depends on the received SINR. Thus, we have the cache-aided throughput given by
where ρλ u is the intensity of AUEs in a given time slot. p cm,i denotes the probability of an AUE can obtain the file f i via cellular request mode. We have
V. RESULTS AND DISCUSSION
In this section, we present the certification of derived analytical results and simulations to evaluate the performance metrics. For the simulation scenario, unless stated otherwise, FIGURE 2. BS cache hit probability and UE cache hit probability with λ = 0.5, 1, 2 × 10 −3 .
the parameter values in Table 1 are used in accordance with 3GPP evaluation methodology [24] .
In the simulation, we realize a PPP cellular network with intensity λ in a 25km 2 area. For convenience of calculations, we approximate α c = α d = 4. Similar approximations have been employed in other papers [25] . We consider the typical receiver at the origin. The AUE selects the transmission mode by the proposed mode selection scheme. The simulation is repeated 10000 times. From the simulation results, we can find that the accuracy of analytical results is verified. Fig. 2 illustrates cache hit probabilities. As a result of the larger cache size, we see that caching at BSs results in higher cache hit probability than caching at UEs. It can be observed that the UE cache hit probability has a positive correlation with R d and λ u . When R d = 40m and λ = 2 × 10 −3 /m 2 , 35% of AUEs can obtain the file from UEs. That is, the loads of BSs can be greatly reduced in the hot spots with UE cache. Fig. 3 demonstrates successful transmission probabilities of device request, UE-to-Network relay request and cellular request. The special case, R c → ∞, shows that the successful transmission probability of cellular request is a little VOLUME 6, 2018 FIGURE 3. Successful transmission probability for device request mode, UE-to-Network relay mode, and cellular request mode. bit higher than UE-to-Network relay request. This is because AUEs in UE-to-Network relay request mode will obtain the file via two hops. If we do not place limitations on R c , AUEs may connect to RUEs with bad channel qualities. But more remarkably, UEs which are out of coverage can be served in virtue of UE-to-Network relay. In order to ensure the high quality transmission, we limit the distance between the RUE and its serving BS within 200m. Compared to the special case, the successful transmission probability is significantly improved. It implies that the reasonable setting of distance threshold will be beneficial.
In Fig. 4 , we plot the cache-aided throughput obtained with the probabilistic caching policy. It is obvious that the cacheaided throughput is improving as the UE intensity increase. For the comparison of different caching policies, we also plot the cache-aided throughput when applying uniform caching policy and the MPC caching policy. It can be observed that the cache-aided throughput with uniform caching policy is higher than probabilistic caching policy when the user density is less. As the UE intensity grow, the trend becomes opposite. Therefore, the uniform caching policy is suitable for low UE intensity. But the probabilistic caching policy will bring more benefit for high UE intensity. Furthermore, we also study the influence of γ . When γ equals to 1.2, the cacheaided throughput with the MPC caching policy gives better performance than others. That is, when requests are extremely concentrated, it is more beneficial to increase the chance of self-request by caching the most popular content. But when γ becomes lower (γ = 0.5), the cache-aided throughput with the MPC caching policy is relatively poor. As a summary, results validate the necessity of taking into account the UE intensity and the content popularity for applying different caching policies.
VI. CONCLUSION
In this paper, we jointly consider caching and UE-to-Network relay in a downlink cellular network. We use the tools from stochastic geometry to model and analyze the studied network. Besides, we derive tractable expressions for several key performance in terms of cache hit probability, successful transmission probability and cache-aided throughput. The relationship between the performances and some key parameters is also evaluated. Numerical results show that user density and distance threshold have great impact on performances. Simulations have been provided to validate analytical results. This work provides essential understanding for caching enabled UE-to-Network relay in cellular networks. For future work, we will study the scenario where the impact of user mobility is considered to obtain a more realistic conclusion. 
